Determination of the left-right (L-R) axis was shown recently to implicate several genes, among which TGFb-related molecules such as Activin bB, lefty1 and 2 and Nodal. We show here that Bmp4 and its signal transduction pathway partners BMPR IA and Smad1 are transiently expressed on the right side of Hensen's node, when L-R polarity is being established. Moreover, Smad1 is expressed asymmetrically in the nascent notochord. These observations suggest a role for a BMP4-dependent autocrine or paracrine mechanism during early L-R determination. q
Introduction
Beyond the apparent bilateral symmetry of the vertebrate body, many internal organs are asymmetrically organized along the L-R axis of the body. During chick gastrulation, Hensen's node (HN) acquires a L-R polarization, revealed by the left or right asymmetrical expression of some genes (Activin bB, activin receptor IIa and Sonic Hedgehog (Shh)). Activin prevents Shh (Levin et al., 1995 (Levin et al., , 1997 while inducing FGF8 (Boettger et al., 1999) expression on the right side of HN. At HH4 (Hamburger and Hamilton stage 4, 1951) , surrounding tissues impose L-R pattern on HN, whose L-R axis is still labile, whereas at HH5, its L-R polarity is ®xed (Pagan-Westphal and Tabin, 1998) . In turn, the node sends L-R positional information to the paraxial cells. In this study, we compare the expression pattern of Smad 1, Bmp2, 4, 7, BMPR-IA and-IB genes during chick gastrulation: several members of the BMP signalling cascade are asymmetrically expressed on the right side of Hensen's node, during critical stages of L-R polarization.
Molecular cloning of quail Smad1
We isolated a quail Smad1 cDNA encoding a putative 466 amino acid protein ( Fig. 1) which is 97% identical to human MADR1 protein (Hoodless et al., 1996) . The position of key residues is conserved in the quail protein. The Nterminal domain presents the lysine-rich KKLKKKK motif, the proline-rich linker domain possesses the PPPAY motif preceded by three SPNSS/SPASS sequences described by Meersseman et al. (1997) . In the MH2 part, we ®nd conservation of G 419, which is important for phosphorylation of Smad1 (Hoodless et al., 1996) , of the`hot spot' Q 427 (required for transactivation of target gene transcription) and of the terminal phosphorylation domain SSVS, which is absent in Smad6 and Smad7`anti-smad' molecules (Imamura et al., 1997; Nakao et al., 1997) .
BMP2, 4, 7 gene pattern
At HH4, none of these genes are expressed in the node or the rostralmost part of the primitive streak (PS); the posterior half of the embryos strongly expresses all three genes in the streak and lateral tissues (not shown). As the node regresses, leaving the axial structures in its wake (Catala et al., 1996) , it enters the Bmp-positive area. At the beginning of HH5, Bmp4 starts to be expressed within the node with a slightly asymmetrical expression on its right side ( Fig. 2A,B) ; the asymmetry is greatly reinforced at HH6 (Fig. 2C,D) but Bmp4 becomes progressively symmetrical by HH7 (Fig. 2E ,F) and HH8 ( Fig. 2G,H ). Bmp2 and Bmp7 expression are found in more posterior parts of the streak at HH5 (Fig. 3A,D) . At HH6, Bmp2 is not detected in the node itself, whereas Bmp7 is expressed symmetrically (Fig.  3B,E) . At HH7, both Bmp2 and Bmp7 are symmetrically expressed in HN (Fig. 3C,F) . 
Type I BMPR genes
Although we observe a ubiquitous expression pattern for both Type IA and IB BMPR genes, a close examination of HH5 and HH6 chick embryos reveals that both genes are more strongly expressed in the node. In addition, BMPR-IA slightly favours the right side from HH5 to HH6 (Fig. 4A) while at HH7 the expression comes down to the basal level (not shown) in comparison to BMPR-IB expression which is symmetrical at both HH5 (Fig. 4B) and HH6 (not shown).
Smad 1 gene
Smad 1 gene is excluded from the node and the rostral parts of PS up to HH5 (Fig. 5A,B) , a stage when we observe Bmp4 and BMPR IA asymmetrical gene expression in the node. A few hours later, at HH6, we observed a strongly Fig. 1 . Comparison of the deduced amino-acid sequence of quail, human, mouse and xenopus Smad1 proteins. The MH1 domain is underlined by a black line, the MH2 domain by black dots. The conserved lysine-rich MH1 motif is indicated in yellow, proline residues by red stars, conserved SPASS sequences in blue, and residues important for transactivation and phosphorylation in green. asymmetrical expression of Smad 1 on the right side of the node, which was prolonged anteriorly by labelling in the nascent notochord (Fig. 5C,E) . At later stages (HH7), the expression was symmetrical in the node, the primitive streak and the notochord (Fig. 5D,F) .
In conclusion, a putative transduction cascade consisting of the BMP4 ligand, its type IA receptor and the intracellular transcriptional modulator Smad1, is asymmetrically expressed on the right side of chick Hensen's node during the HH5-6 period. These genes appear simultaneously with Sonic Hedgehog asymmetrical expression when node L/R polarity is determined, and as the node imposes L/R information on surrounding tissues (Levin et al., 1995; Pagan-Westphal and Tabin, 1998) , slightly before FGF8 expression on the right side of HN (Boettger et al., 1999) . Since BMP inhibitors such as Caronte only begin to be expressed at later stages (HH7, Yokouchi et al., 1999) , our results show that during a time window of a few hours, the right side of the node produces a BMP4 signal which could act in an autocrine or paracrine manner, via a BMPR-IA and Smad1 pathway.
Materials and methods
Molecular cloning of quail Smad1 was realized by nested PCR with degenerated oligonucleotide primers from human (Hoodless et al., 1996) and Xenopus (Thomsen, 1996; Graff et al., 1996) sequences. The screen of an E4 quail cDNA library resulted in the isolation of a 2.9 kb cDNA containing the coding region¯anked by a 204 bp-long 5 H UTR and a 1.2 Kb-long 3 H UTR. The quail Smad1 cDNA sequence was registered in EMBL databank under the accession number Y19085.
In toto hybridization was performed as described by Henrique et al. (1995) , with Bmp2, 4, 7, BMPR IA and IB probes kindly given by Drs Brickell, Houston and Niswander, respectively. and from the Association pour la Recherche contre le Cancer (ARC, no. 9319).
